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ABSTRACT
This study assesses the influence of the El Niño–Southern Oscillation (ENSO) on global tropical cyclone
activity using a 150-yr-long integration with a high-resolution coupled atmosphere–ocean general circulation
model [High-Resolution Global Environmental Model (HiGEM); with N144 resolution: ;90 km in the at-
mosphere and;40 km in the ocean]. Tropical cyclone activity is compared to an atmosphere-only simulation
using the atmospheric component of HiGEM (HiGAM). Observations of tropical cyclones in the In-
ternational Best Track Archive for Climate Stewardship (IBTrACS) and tropical cyclones identified in the
Interim ECMWF Re-Analysis (ERA-Interim) are used to validate the models. Composite anomalies of
tropical cyclone activity in El Niño and La Niña years are used. HiGEM is able to capture the shift in tropical
cyclone locations to ENSO in the Paciﬁc and IndianOceans. However, HiGEMdoes not capture the expected
ENSO–tropical cyclone teleconnection in the North Atlantic. HiGAM shows more skill in simulating the
global ENSO–tropical cyclone teleconnection; however, variability in the Pacific is overpronounced. HiGAM
is able to capture the ENSO–tropical cyclone teleconnection in the North Atlantic more accurately than
HiGEM. An investigation into the large-scale environmental conditions, known to influence tropical cyclone
activity, is used to further understand the response of tropical cyclone activity to ENSO in the North Atlantic
and western North Pacific. The vertical wind shear response over the Caribbean is not captured in HiGEM
compared to HiGAM and ERA-Interim. Biases in the mean ascent at 500 hPa in HiGEM remain in HiGAM
over the western North Pacific; however, a more realistic low-level vorticity in HiGAM results in a more
accurate ENSO–tropical cyclone teleconnection.
1. Introduction
Tropical cyclones can cause substantial loss of life and
an improved understanding of storm variability can help
inform preparation and response to landfalling events.
Natural climate variability of the El Niño–Southern
Oscillation (ENSO) has a large influence on global
storm variability. This has been long observed: for ex-
ample, Gray (1984) for the North Atlantic, Chan (1985)
for the westernNorth Pacific, andNicholls (1979) for the
Australian region. Because of recent advances in avail-
able computing resources, general circulation models
(GCMs) can now be run with a high enough resolution
to simulate different aspects of tropical cyclone activity
(e.g., Zhao et al. 2009; Smith et al. 2010; Murakami et al.
2012; Manganello et al. 2012; Strachan et al. 2013). Long
integrations of these GCMs can be used to understand
the robust responses of tropical cyclones to the phase of
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ENSO beyond the traditional use of observations, as
well as to provide a platform to examine the dynamical
and thermodynamical mechanisms.
A review of the physical mechanisms that drive re-
gional changes in tropical cyclone activity associated
with ENSO is in Camargo et al. (2007b). One strong
driver of global tropical cyclone variability is the re-
sponse of the atmosphericWalker circulation, which can
influence regional dynamic and thermodynamic condi-
tions. A weakening of the Walker circulation during El
Niño years leads to an increase in upper-tropospheric
westerlies over the North Atlantic, for example, which
increases vertical wind shear and suppresses tropical cy-
clone activity (e.g., Gray and Sheaffer 1991; Goldenberg
and Shapiro 1996; Kossin et al. 2010). Shaman et al.
(2009) also note the importance of Rossby waves influ-
encing upper-level vorticity over the tropical Atlantic,
suppressing tropical cyclogenesis during El Niño years.
Camargo et al. (2007b) found relative humidity and
vertical wind shear are important for the reduction in
genesis seen in the North Atlantic using the genesis
potential index (GPI) on the National Centers for En-
vironmental Prediction (NCEP) reanalysis data (Kalnay
et al. 1996) from 1950 to 2004.
There is a well-known relationship that during El
Niño years genesis locations in the western North Paciﬁc
shift east along with the warm tropical Paciﬁc sea surface
temperatures (SSTs). This is thought to be connected
with an eastward expansion of the monsoon trough and
westerlies, which increase low-level vorticity (Wang and
Chan 2002). However, Camargo et al. (2007b) argue that
a decrease in midlevel humidity near the Asian conti-
nent during El Niño years suppresses the activity. The
shift of tropical cyclones to the central Paciﬁc during El
Niño events also occurs in the southwest Paciﬁc, which is
also attributed to an extension of the monsoon trough
and equatorial westerlies (Chu 2004). In addition,
Chand et al. (2013) recently found that an eastward
extension of low vertical wind shear and increased rel-
ative humidity and SST explain the enhancement of
tropical cyclone numbers during El Niño years in that
region. Recent work by Diamond et al. (2013) catego-
rizes the type of ENSO event based on the strength of
ocean–atmosphere coupling and its impact on tropical
cyclone activity in the southwest Pacific. The impact of
different types of El Niño on tropical cyclone activity is
increasingly gaining attention (Kim et al. 2009) and will
be discussed in a future publication using this model.
While the ENSO–tropical cyclone relationship is
reasonably well known within each basin, there has only
been one study that investigates the global ENSO–
tropical cyclone teleconnection in observations. Camargo
et al. (2007b) examined how different environmental
factors contribute to the ENSO–tropical cyclone tele-
connection using the GPI developed by Emanuel and
Nolan (2004). OtherGPIs are currently being developed
to investigate the relationship in specific basins [e.g.,
Bruyère et al. (2012) for the NorthAtlantic] as well as an
improved statistical relation of the variables to tropical
cyclone genesis (Tippett et al. 2011; McGauley and
Nolan 2011).
The ENSO–tropical cyclone teleconnection has also
received little attention in GCM studies compared to
research on tropical cyclones and climate change. Wu
and Lau (1992) were the first to investigate the global
ENSO–tropical cyclone teleconnection using a very
coarse atmosphere-only GCM (AGCM) with R15 res-
olution (7.58 3 4.58). Vitart and Anderson (2001) used
a 10-member ensemble AGCM at T42 (2.88 3 2.88) to
investigate the ENSO–tropical cyclone teleconnection
in the North Atlantic. Vitart and Anderson (2001) were
able to simulate the expected tropical cyclone response
with the phase of ENSO due to simulated changes in
vertical wind shear. While the ensemble approach is
useful, Vitart and Anderson (2001) only investigated
one El Niño event and one La Niña event. More re-
cently, Murakami and Wang (2010) showed a 20-km-
resolutionAGCMwas able to capture the broad tropical
cyclone response to ENSO in the North Atlantic, al-
though they did not comment on which simulated pa-
rameters were important. AGCM experiments are
limited by short integration lengths, which makes it
difficult to assess the robustness of the simulated
ENSO–tropical cyclone teleconnection. In addition,
AGCMs are forced with observed SSTs, which have
signatures of time-varying radiative forcing including
that from aerosols and greenhouse gases. This makes it
difficult to isolate the simulated ENSO–tropical cyclone
teleconnection from these experiments. Investigating
the ENSO–tropical cyclone using AOGCMs has re-
ceived less attention because of the larger computa-
tional costs involved. In addition, the complexity of
understanding tropical cyclone genesis and moving
processes has limited progress on understanding the
ENSO–tropical cyclone teleconnection.
Shaman andMaloney (2012) investigated the ability of
phase 3 of the Coupled Model Intercomparison Proj-
ect (CMIP3) atmosphere–ocean GCMs (AOGCMs) to
simulate the expected large-scale environmental condi-
tions associated with ENSO, which are important for
tropical cyclones, over the North Atlantic. Shaman and
Maloney (2012) found the impacts of ENSO on Carib-
bean vertical wind shear were the most poorly simu-
lated. However, the GCMs used in Shaman and
Maloney (2012) had coarse horizontal resolution (28 3
28). These coarse-resolution CMIP3 models have an
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inaccurate representation of ENSO itself and ENSO-
associated teleconnections (Guilyardi et al. 2009). In
addition, coarse-resolution models simulate a poor
tropical cyclone climatology (Murakami and Sugi 2010).
Higher-resolution GCMs have shown to greatly im-
prove the simulation of ENSO variability (e.g., Shaffrey
et al. 2009; Delworth et al. 2012), tropical cyclone cli-
matology (e.g., Strachan et al. 2013), and ENSO-
associated teleconnections (e.g., Dawson et al. 2013).
Constant present-day forcing experiments with an
AOGCM can be used to assess how well a model is able
to simulate modes of natural variability and associated
teleconnections. Iizuka and Matsuura (2008) use a high-
resolution AOGCMwith present-day forcing integrated
for 100 yr to investigate the simulated ENSO–tropical
cyclone teleconnection in the western North Pacific;
Iizuka andMatsuura (2009) use it for theNorthAtlantic.
Both studies show the AOGCM is able to capture the
expected tropical cyclone response to ENSO. However
Iizuka and Matsuura (2008, 2009) fail to discuss if the
AOGCM is capturing the tropical cyclone response
because of the expected mechanisms. The results in the
North Atlantic by Iizuka and Matsuura (2009) show
a spurious trend of increasing tropical cyclone frequency
throughout the simulation reducing the credibility of
their findings. Kim et al. (2013, manuscript submitted to
J. Climate) show the simulation of the global ENSO–
tropical cyclone teleconnection in a present-day exper-
iment using the Geophysical Fluid Dynamics Labora-
tory Coupled Model 2.5 (GFDL CM2.5); however, they
do not comment on the simulated mechanisms, as their
paper focuses on climate change results. It is important
to investigate this phenomenon in more than one GCM
to improve understanding of the simulated ENSO–
tropical cyclone teleconnection.
The ability of the High-Resolution Global Environ-
mental Model (HiGEM) to simulate a realistic ENSO in
terms of its amplitude, variability, spatial structure, and
associated teleconnections is discussed in Shaffrey et al.
(2009). HiGEM simulates Niño-3 (58S–58N, 908–1508W)
SST anomalies of a similar variability to those observed
in the Hadley Centre Sea Ice and Sea Surface Temper-
ature dataset (HadISST), with a standard deviation of
0.89K compared to a standard deviation of 0.84K in
HadISST. A composite of the eight largest El Niños
measured during December–February (DJF) present
a spatial pattern and amplitude that are much closer to
observations than in lower-resolution versions of the
model. However, the ENSO SST anomalies still extend
too far into the western tropical Pacific, which is a com-
mon failing of most climate models (Guilyardi et al.
2009). HiGEMhas some skill in replicating the observed
transitions of the Walker circulation: for example,
capturing the precipitation response over the Indian
Ocean.More recently, Dawson et al. (2013) investigated
the ability of HiGEM to capture the expected extra-
tropical teleconnections associated with El Niño. The
upper-level vorticity response is captured by HiGEM in
the extratropical Paciﬁc, although it is slightly shifted
west of observations.
In this study, we make use of a 150-yr-long integration
at present-day CO2 levels using a high-resolution
AOGCM, HiGEM, with the aim to investigate the
simulated response of global tropical cyclone activity to
ENSO. The present-day forcing removes further an-
thropogenic influence by holding greenhouse gases and
aerosols constant and therefore does not take into ac-
count a possible anthropogenic influence on a changing
ENSO, such as its frequency or strength. An in-
vestigation is made where the mechanisms simulated in
the AOGCM are compared with observations and re-
analysis data. We also examine the ability of the atmo-
spheric component of HiGEM (HiGAM), forced with
Atmospheric Model Intercomparison Project 2 (AMIP-
II) SSTs, to capture the expected ENSO–tropical cy-
clone teleconnection.
The paper is structured as follows: Section 2 describes
the models, observations, and reanalysis datasets. The
impacts of changing tropical cyclone location and fre-
quency to the phase of ENSO are investigated in section
3, along with an investigation of the changing large-scale
environmental conditions in section 4. Section 5 dis-
cusses the advantages and shortcomings of the simulated
ENSO–tropical cyclone teleconnection in HiGEM and
HiGAM. The results of the study are summarized in
section 6, along with concluding remarks.
2. Data and methodologies
a. Models
This study uses HiGEM, a high-resolution atmosphere–
oceanclimatemodel basedon theMetOfficeHadleyCentre
Global EnvironmentalModel, version 1 (HadGEM1; Johns
et al. 2006; Ringer et al. 2006). The horizontal resolution
of the atmospheric component is 0.838 latitude 3 1.258
longitude (N144; 90 km at 508N). The atmosphere has
38 vertical levels extending to over 39 km in height. The
ocean component also has a high resolution: 0.38 3 0.38
(40 km at 508N) with 40 vertical levels. More details
about HiGEM and validation of the global mean state
and variability can be found in Roberts et al. (2009)
and Shaffrey et al. (2009). The present-day tropical
cyclone climatology and response of tropical cyclones
to idealized climate change in HiGEM was already
presented in Bell et al. (2013). The HiGEM control
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simulation was completed using present-day radiative
forcing for 150 yr. Also explored is the atmospheric
component of HiGEM (HiGAM), forced with pre-
scribed monthly SST and sea ice concentration
boundary conditions from AMIP-II for 1979–2002
(Taylor et al. 2000). The ability of HiGAM to simulate
tropical cyclone activity in terms of seasonal cycle,
interannual variability and intensity is discussed in
Strachan et al. (2013).
b. Tropical cyclone tracking algorithm
The objective feature tracking methodology is fully
described in Bengtsson et al. (2007) and Strachan et al.
(2013). For initial identification and tracking, 850-hPa
relative vorticity is computed at a spectral resolution of
T42. The initial identification is made for vorticity
maxima with intensities greater than 0.5 3 1025 s21 in
the Northern Hemisphere (minima less than 20.5 3
1025 s21 in the Southern Hemisphere). Systems with
a lifetime of over 2 days are retained for further analysis.
The tropical cyclone features are identified using in-
tensity thresholds and evidence of a warm core. Track
density statistics are used to investigate the spatial dis-
tribution of tropical cyclones via the tracking algorithm.
Tropical cyclones from the analysis period are com-
posited, and monthly mean storm transits per unit area
(equivalent to a 58 spherical cap: approximately 106 km2)
are calculated.
c. Observational and reanalysis data
Global observed tropical cyclones are obtained from
the International Best Track Archive for Climate
Stewardship (IBTrACS;Knapp et al. 2010) for the 1979–
2010 period. Observed SSTs from the HadISST for the
1979–2010 period, which has a resolution of 18 3 18
(Rayner et al. 2003), are used for validation of the
coupled model. HadISST is composed of in situ sea
surface observations and satellite-derived estimates at
the sea surface. The period of 1979 onward uses homo-
geneous data, which have global coverage. Observed
precipitation data are obtained from the Global Pre-
cipitation Climatology Project (GPCP) dataset for
1979–2010, to investigate the ENSO teleconnection in
comparison to the models. GPCP is a 2.58 3 2.58 gridded
dataset that combines satellite estimates and rain gauge
data (Adler et al. 2003). Precipitation rates in GPCP are
produced through combining empirical infrared esti-
mates from geostationary satellites with empirical mi-
crowave estimates from polar orbiting satellites. The
estimates are adjusted where gauge data are available;
however, there are known limitations over the ocean
(Smith et al. 2006). Large-scale environmental parameters
from the Interim European Centre for Medium-Range
Weather Forecasts Re-Analysis (ERA-Interim) are used
for 1979–2010 (Dee et al. 2011).
d. Construction of ENSO composites
ENSO events are defined using the normalized Niño-
3.4 SST anomalies (in the area (58S–58N, 1208–1708W)
which had an amplitude of greater than 1 or less than21
for the DJF period. Tropical cyclone seasons in the
Northern Hemisphere (May–November) are defined
prior to an ENSO event. The normalized Niño-3.4 SST
anomalies during the peak of the Northern Hemisphere
tropical cyclone season, August–October (ASO), has
a correlation of 0.9 (Pearson correlation) with the nor-
malized Niño-3.4 DJF SST anomalies. Southern Hemi-
sphere tropical cyclone seasons (October–May) were
selected during the ENSO event. The seven El Niño
events of 1982/83, 1986/87, 1991/92, 1994/95, 1997/98,
2002/03, and 2009/10 and the six La Niña events of
1984/85, 1988/89, 1998/99, 1999/2000, 2007/08, and 2010/11
are composited and compared with the 1979–2010 ob-
served climatology. The ENSO events match those
of the National Oceanic and Atmospheric Adminis-
tration (NOAA) oceanic Niño index (ONI); however,
the ONI includes other weaker years as it uses a classi-
ﬁcation of 60.58C [from extended reconstructed SST,
version 3b (ERSST.v3b) anomalies in the Niño-3.4 re-
gion] for a minimum of ﬁve consecutive overlapping
seasons. The multivariate ENSO index (MEI; Wolter
and Timlin 2011) similarly identifies all the ENSO
events, except for the La Niña event of 1984/85. The
ENSO events within the time period 1979–2002 are
composited in the AGCM HiGAM dataset and com-
pared to its climatology. The AOGCM 150-yr in-
tegration of HiGEM simulates 31 El Niño and 25 La
Niña events, which are compared with the 150-yr cli-
matology. Composites are used to increase robustness of
the ENSO–tropical cyclone teleconnection.
3. Global tropical cyclone activity response to
ENSO
The results in this section focus on the simulated re-
sponse of global tropical cyclone activity during El Niño
and La Niña years. The differences in tropical cyclone lo-
cation and frequency are shown for both HiGAM and
HiGEM,with comparisons to tropical cyclones observed in
IBTrACS and those identiﬁed in ERA-Interim.
a. ENSO and tropical cyclone location
Tropical cyclone track densities of El Niño and La
Niña years minus the climatology are shown in Fig. 1.
The tropical cyclone location changes in IBTrACS show
an increase in tropical cyclones toward the date line in
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the western North Pacific, as found in Wang and Chan
(2002) and Camargo et al. (2007b). Tropical cyclones
are suppressed in the North Atlantic during El Niño
years and enhanced during La Niña years, a well-known
response (Gray and Sheaffer 1991; Goldenberg and
Shapiro 1996; Kossin et al. 2010). The increase in trop-
ical cyclone activity in the Bay of Bengal during La Niña
year has also been found by Felton et al. (2013). In the
Southern Hemisphere, there is a reduction of tropical
cyclones to the west of Australia during El Niño events.
The opposite is true for La Niña events. Tropical cy-
clones form closer to the east coast of Australia in the
South Paciﬁc during El Niño years and farther offshore
during La Niña years, which is discussed in Kuleshov
et al. (2008).
There are some differences of tropical cyclone loca-
tion changes in IBTrACS from those tracked in ERA-
Interim. This is in part due to the tracking algorithm
applied to ERA-Interim, as we track storms from their
genesis to lysis via T42 vorticity, whereas IBTrACS is
FIG. 1. Tropical cyclone track density (storm transits/month/106 km2 or equivalent to a 58 radius) during May–November in the
Northern Hemisphere and October–May in the Southern Hemisphere: for IBTrACS (a) El Niño years minus 1979–2010 climatology and
(b) La Niña years minus 1979–2010 climatology; for ERA-Interim (c) El Niño years minus 1979–2010 climatology and (d) La Niña years
minus 1979–2010 climatology; for HiGAM (e) El Niño years minus 1979–2002 climatology and (f) La Niña years minus 1979–2002
climatology; and for HiGEM (g) El Niño years minus 150-yr climatology and (h) La Niña years minus 150-yr climatology.
6408 JOURNAL OF CL IMATE VOLUME 27
based on observations of near-surface sustained wind
speed (see Strachan et al. 2013). However, when focus-
ing on the tropics it can be seen that that the tropical
cyclones tracked in ERA-Interim match very closely to
those in IBTrACS. This provides increased confidence
in the tracking algorithm used. The tropical cyclone lo-
cation changes in ERA-Interim obtained by using an
explicit tracking algorithm are similar to the GPI
changes in Camargo et al. (2007b). However, the large
reduction of tropical cyclone activity in the North At-
lantic during El Niño years, which is similar to obser-
vations, does not correspond with the change in GPI
shown in Camargo et al. (2007b). Similarly, Murakami
and Wang (2010) found simulated tropical cyclone
changes with ENSO did not correspond to GPI changes
in this basin.
HiGAM captures the response of tropical cyclone
location to ENSO in the Pacific and Indian Oceans. In
the North Atlantic, variability is confined to the Carib-
bean because of biases in the tropical cyclone climatol-
ogy (Strachan et al. 2013; Bell et al. 2013). The
variability is over pronounced in the western North
Pacific in HiGAM compared with observations and
ERA-Interim.
HiGEM is able to capture broadly the shift in
tropical cyclones in the Pacific and Indian Oceans.
However, the tropical cyclones show a shift in loca-
tion which is more meridional as opposed to the zonal
shift in observations in the South Pacific. This is likely
to be related to the meridional shift of ENSO-
associated precipitation in HiGEM (see Fig. 20. of
Shaffrey et al. 2009). HiGEM is unable to capture the
expected response of tropical cyclone location changes
in the North Atlantic, with a small tendency to simulate
more tropical cyclones during El Niño years, the op-
posite of observations. There are known biases of
tropical cyclones in the mean state in this basin (Bell
et al. 2013), which likely limit the expected ENSO
variability being captured and are discussed later.
However, this limitation is not present in all AOGCMs.
The Geophysical Fluid Dynamics Laboratory Coupled
Model, version 2.5 (GFDL CM2.5; Delworth et al.
2012), which has an atmospheric resolution of 50 km,
captures the expected sign of the tropical cyclone re-
sponse to ENSO in the North Atlantic, even though the
model similarly simulates a smaller tropical cyclone
climatology than observed (Kim et al. 2013, manuscript
submitted to J. Climate). The higher atmospheric res-
olution is likely to be key in capturing this, just as
Strachan et al. (2013) found atmospheric resolution to
be important for a better representation of interannual
variability in the North Atlantic, which mainly came
from the improvement in interannual variability of
vertical wind shear. In addition, Murakami and Wang
(2010) were able to capture the ENSO–tropical cyclone
teleconnection in the North Atlantic using an AGCM
with 20-km resolution.
b. ENSO and tropical cyclone frequency
The effect of ENSO on tropical cyclone counts in each
basin is shown in Fig. 2. The average number of tropical
cyclones that form in each basin is given in the text be-
low the percentage change. The North Atlantic shows
the greatest response of tropical cyclone frequency with
ENSO. Tropical cyclones are less frequent in El Niño
years by 35% and more frequent in La Niña years by
18%. Klotzbach (2011) found a more symmetrical re-
sponse of tropical cyclone numbers in El Niño and La
Niña years using a longer time period of 1900–2009.
However, there are uncertainties in the historical trop-
ical cyclone record (Landsea and Franklin 2013) and
historical tropical Pacific SSTs (Solomon and Newman
2012), especially in the early twentieth century. Slightly
more tropical cyclones form in El Niño years than in La
Niña years in the western North Paciﬁc (Chan and Liu
2004). There is no change in the observed number of
tropical cyclones that form each year in the north Indian
basin with ENSO.
There are some notable differences between trop-
ical cyclone frequency changes in ERA-Interim and
IBTrACS. The variability of tropical cyclones in re-
sponse to ENSO is much more pronounced in ERA-
Interim compared with IBTrACS in the north Indian
Ocean. Tropical cyclones are 18% less frequent dur-
ing La Niña years in the north Indian Ocean in ERA-
Interim, whereas in IBTrACS there is no change in the
number of tropical cyclones in El Niño or La Niña
years. However, the observations in the north Indian
Ocean have a large uncertainty shown by the conﬁ-
dence intervals. It should be noted that the tracking
algorithm may pick up monsoon depressions in this
region similar to other tracking algorithms. ERA-
Interim shows a greater percentage variability of
tropical cyclones in response to ENSO in the North
Atlantic and western North Paciﬁc compared with
IBTrACS.
HiGAM simulates a much stronger response of
tropical cyclone frequency to ENSO in the north Indian
Ocean than observed. However, the response is associ-
ated with large uncertainty due to the limited sample
size of ENSO events. HiGAM is also able to capture the
expected response in the North Atlantic, although the
interannual variability is large shown by the confidence
intervals. HiGAM does not simulate the observed
magnitude of change of tropical cyclone frequency in
the North Atlantic, with a 10% reduction in the number
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of tropical cyclones that form compared to a 35% re-
duction shown by IBTrACS during El Niño years.
The tropical cyclone frequency response in the south
Indian Ocean is smaller in HiGEM than in HiGAM and
therefore simulates a response similar to that observed.
Although HiGEM captures the shift of tropical cyclones
in the Pacific region to the phase of ENSO, the ampli-
tude of the tropical cyclone frequency changes is much
less than observed. One outstanding difference between
HiGEM and HiGAM is that HiGEM simulates the re-
sponse of tropical cyclone frequency change in the
North Atlantic with ENSO of the opposite sign to
HiGAM and that expected, althoughHiGAM simulates
large variability in the number of tropical cyclones per
season during El Niño and La Niña years shown by the
large conﬁdence intervals.
4. ENSO and large-scale environmental conditions
The number of tropical cyclones which form each year
and in each basin depends largely on the large-scale
environment (Camargo et al. 2007a,b). The results in
this section investigate the changing large-scale envi-
ronmental conditions associated with ENSO. Variables
considered include SST, precipitation, vertical wind
shear, vorticity, and tropical circulation.
a. Sea surface temperature
Figure 3 shows the change in SST during July–October
(JASO), the peak of the Northern Hemisphere tropical
cyclone season, for El Niño and LaNiña years compared
to the climatology of HadISST, AMIP-II SST, and
HiGEM. The warmest SST associated with ENSO dur-
ing JASO can be seen to extend too far into the western
tropical Paciﬁc in HiGEM. In addition, the meridional
extent of the ENSO-associated SST is wider in HiGEM
than in HadISST, which is associated with biases in
the simulated atmospheric response. This may be re-
sponsible for the large response of tropical cyclones in
the central Paciﬁc to ENSO, which is not present in ob-
servations or ERA-Interim seen in Fig. 1. However, the
results from HiGAM indicate poor simulated spatial
patterns of SST variability do not explain all of HiGEM’s
deficiencies at simulating the expected ENSO–tropical
cyclone teleconnections.
b. Precipitation
The precipitation response to ENSO is a good in-
dicator of the atmospheric teleconnections in the tropics
(Alexander et al. 2002). Examining the accuracy of
simulated ENSO-associated precipitation provides
a test bed for comparison of modeled to observed
FIG. 2. Percentage change of tropical cyclone counts in El Niño years and LaNiña years compared to climatology:
(a) IBTrACS (1979–2010), (b) ERA-Interim (1979–2010), (c) HiGAM (1979–2002), and (d) HiGEM. The cli-
matology is shown at the bottom of the x-axis label. Error bars denote the 90% confidence interval.
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precipitation (Langenbrunner and Neelin 2013). Figure 4
shows JASO precipitation changes in El Niño and La
Niña years compared to the climatology for GPCP,
HiGAM, and HiGEM. The climatology for each dataset
is shown in black contours. Tropical cyclone activity
follows large-scale changes in precipitation with ENSO
(shown in Fig. 1). HiGAM is able to simulate the ex-
pected precipitation response across the tropics; how-
ever, the magnitude of the response is larger in HiGAM
than seen in GPCP. HiGEM captures the shift of pre-
cipitation into the central Pacific and the suppression
of precipitation around the Maritime Continent during
El Niño years. However, the ENSO–precipitation re-
sponse is too strong in HiGEM over the Indian Ocean,
as noted by Shaffrey et al. (2009). During El Niño years,
GPCP shows that precipitation is suppressed over the
Caribbean and enhanced during La Niña years. While
HiGAM captures this variability, HiGEM simulates no
variability. The lack of precipitation in the mean state of
HiGEM in the Caribbean also contributes to the poor
simulation of the teleconnection (see Fig. 6; Shaffrey
et al. 2009).
c. Walker circulation
The Walker circulation response to ENSO acts as an
‘‘atmospheric bridge’’ (Alexander et al. 2002) for trop-
ical cyclone activity to respond in basins away from the
Pacific. Figure 5 shows the Walker circulation for El
Niño and La Niña years compared to climatology in
ERA-Interim, HiGAM, and HiGEM. The Walker cir-
culation inﬂuences regions of large-scale motion as well
as shifts the location of vertical wind shear patterns,
whichmodulate tropical activity (Kossin et al. 2010). The
anomalously warm SSTs in the central Pacific during
El Niño years favors convection, which drives the large-
scale tropical atmospheric circulation. The descending
FIG. 3. Sea surface temperature (8C), July–October for (a) HadISST El Niño years minus 1979–2010 climatology, (b) HadISST La Niña
yearsminus 1979–2010 climatology, (c) AMIP SSTEl Niño yearsminus 1979–2002 climatology, (d) AMIPLaNiña yearsminus 1979–2002
climatology (e) HiGEM El Niño years minus 150-yr climatology, and (f) HiGEM La Niña years minus 150-yr climatology. The clima-
tology is shown in black contours for HadISST in (a),(b); for AMIP SST in (c),(d); and for HiGEM in (e),(f). Stippling shows where
changes have a p value ,0.0001 using a Student’s t test.
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motion over the Indian Ocean, at around 908E, is too
strong in both HiGAM and HiGEM, leading to greater
ENSO–tropical cyclone variability. The region of max-
imum ascent during El Niño years in the central Paciﬁc is
constrained to around 1608E in HiGEM, whereas in
ERA-Interim the region ofmaximumascent occurs over
a broad region from 1608 to 1908E. Similarly, during the
La Niña phase, HiGEM shows enhanced subsidence
throughout the central Paciﬁc east of 1808E, which was
not found in ERA-Interim. HiGEM does not show the
change in vertical motion over the North Atlantic seen
in HiGAM and ERA-Interim, explaining the erroneous
response of tropical cyclones in this region. A change in
the upper-level circulation can be seen in ERA-Interim
around 2808E, which may influence the mean vertical
motion over the NorthAtlantic. This drivingmechanism
is not simulated and as a result HiGEMdoes not capture
the expected ENSO–tropical cyclone variability in the
North Atlantic. The change in both vertical motion
and upper-level circulation in the North Atlantic is
somewhat better simulated in HiGEM during La Niña
years compared to El Niño years; however, the ob-
served response is smaller in La Niña years than El
Niño years. The lack of ENSO–SST variability in the
tropical east Pacific in HiGEMmay impact the Hadley
cell (Wang 2002), which may also relate to the poor
simulation of ENSO-associated vertical wind shear
over the northeast Pacific and North Atlantic. The
localized ascending motion around 1608E during an
El Niño event in HiGEM may prevent the upper-
tropospheric circulation response over the North
Atlantic.
d. Vertical wind shear
Vertical wind shear is defined as the magnitude of the
vector difference between winds at 850 and 200 hPa. The
FIG. 4. Precipitation (mmday21), July–October for (a) GPCP El Niño years minus 1979–2010 climatology, (b) GPCP La Niña years
minus 1979–2010 climatology, (c) HiGEM El Niño years minus 1979–2002 climatology, (d) HiGAM La Niña years minus 1979–2002
climatology, (e) HiGEM El Niño years minus 150-yr climatology, and (f) HiGEM La Niña years minus 150-yr climatology. The clima-
tology is shown in black contours for GPCP in (a),(b); HiGAM in (c),(d); and HiGEM in (e),(f). Stippling shows where changes have
a p value ,0.0001 using a Student’s t test.
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response of vertical wind shear to ENSOduring JASO is
shown in Fig. 6. HiGAM is able to capture the shift in
vertical wind shear in El Niño and La Niña years when
compared to ERA-Interim, although the simulated re-
sponse is stronger in magnitude. Vertical wind shear is
also much stronger in HiGAM than in HiGEM. Figure 3
shows AMIP-II-associated ENSO SSTs are constrained
along the equatormore so than inHadISST andHiGEM.
The larger meridional SST gradient will result in stron-
ger upper-level westerlies via thermal wind balance
which will increase vertical wind shear. In addition, as
the atmosphere in HiGAM has a larger source of heat
without the presence of air–sea coupled feedbacks, the
large-scale ENSO-associated tropical convection is
more intense and therefore drives stronger winds. The
responses observed in the west Pacific and IndianOceans
are captured well by HiGEM, although with a slightly
reduced magnitude than that seen in ERA-Interim.
The smaller magnitude response over the western
North Pacific can help to explain why tropical cyclones
show less variability in HiGEM than observed. ERA-
Interim reveals a dipole of vertical wind shear over the
northeast Pacific and North Atlantic due to the response
ofENSO,whichwas also noted byAiyyer andThorncroft
(2006). This pattern explains the dipole of tropical cy-
clone activity between the North Atlantic and northeast
Pacific (Frank and Young 2007; Maue 2009). Camargo
et al. (2007b) also note that vertical wind shear is an
important parameter for explaining the ENSO–tropical
cyclone teleconnection in these basins. HiGEM does not
capture the expected vertical wind shear shift in this
region.
e. Low-level vorticity
Low-level vorticity represents the ‘‘spin’’ of the at-
mosphere that is required to form cyclonically rotating
FIG. 5. Height–longitude cross section ofWalker circulation, 08–108N, for July–October for (a) ERA-InterimEl Niño yearsminus 1979–
2010 climatology, (b) ERA-Interim La Niña years minus 1979–2010 climatology, (c) HiGEMEl Niño years minus 1979–2002 climatology,
(d) HiGAM La Niña years minus 1979–2002 climatology, (e) HiGEM El Niño years minus 150-yr climatology, and (f) HiGEM La Niña
years minus 150-yr climatology. The colors showmean ascent (2v) and the vectors are mean ascent and a change in the velocity potential
with respect to longitude. Stippling shows where changes have a p value ,0.0001 using a Student’s t test.
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storms. Camargo et al. (2007b) note that low-level vor-
ticity is important for tropical cyclogenesis with ENSO
in the western North Pacific. Figure 7 shows the 850-hPa
JASO relative vorticity for El Niño and La Niña years
compared to climatology in ERA-Interim, HiGAM, and
HiGEM. The observed vorticity changes in the western
North Paciﬁc match those ofWang and Chan (2002) and
Mori et al. (2013). HiGAM simulates an increase in
vorticity north of the equator in the Pacific with a similar
magnitude than that observed in ERA-Interim during
El Niño years. There is a large change in vorticity in the
western North Paciﬁc around 208N, 1508E in HiGAM
during El Niño and La Niña events that is stronger than
observed. HiGAM is able to simulate the large-scale
observed response of vorticity over the tropical north-
east Paciﬁc and North Atlantic. HiGEM broadly cap-
tures the increase in vorticity in the Paciﬁc region during
El Niño years, albeit weaker than observed. In addition,
the decrease in vorticity in the main development in the
north Indian Ocean during El Niño years is simulated in
HiGEM. The vorticity response during La Niña years is
poorly simulated to the west of Hawaii. Iizuka and
Matsuura (2008) similarly found that vorticity does not
decrease as much as in observations during La Niña
years in the eastern parts of the western North Paciﬁc.
HiGEM simulates no change in relative vorticity in the
tropical northeast Paciﬁc and North Atlantic.
f. Upper-level circulation
The upper-level circulation response to ENSO is in-
vestigated further using the velocity potential, an in-
tegrated measurement of the irrotational part of the
upper-level flow, and the streamfunction, the rotational
part. The streamfunction highlights the anomalous wave
propagation, whereas the velocity potential highlights
the forcing of these waves. Figure 8 shows the velocity
FIG. 6. Vertical wind shear (m s21) for July–October for (a) ERA-Interim El Niño years minus 1979–2010 climatology, (b) ERA-
Interim La Niña years minus 1979–2010 climatology, (c) HiGEMEl Niño years minus 1979–2002 climatology, (d) HiGAMLa Niña years
minus 1979–2002 climatology, (e) HiGEM El Niño years minus 150-yr climatology, and (f) HiGEM La Niña years minus 150-yr clima-
tology. The climatology is shown in black contours for ERA-Interim in (a),(b); HiGAM in (c),(d); and HiGEM in (e),(f). Stippling shows
where changes have a p value ,0.0001 using a Student’s t test.
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potential and streamfunction at 200 hPa during JASO
for ERA-Interim, HiGAM, and HiGEM. ERA-Interim
shows that in El Niño years twin anticyclones straddle
the equator as a response to increased convection in the
central Paciﬁc (Spencer and Slingo 2003), similar to
a Gill-type response (Gill 1980). In ERA-Interim and
HiGAMduring El Niño years, the upper-level divergent
circulation is constrained to the central Paciﬁc, which
was also found in the ECHAM5 model by Bengtsson
et al. (2007). HiGEM simulates enhanced upper-level
convergence in the Indian Ocean, which also explains
the greater tropical cyclone variability related to
anomalous large-scale ascent. The spatial extent of the
upper-level divergent circulation in HiGEM reaches
too far into the North Atlantic from the central Pacific.
As a result of the spatial errors in the maximum ve-
locity potential in HiGEM, the upper-level wave
propagation is not captured over the North Atlantic,
which has previously been related to tropical cyclo-
genesis (Shaman et al. 2009).
g. Thermodynamic versus dynamic influences
Figures 9 and 10 show the relationships between large-
scale environmental conditions that are important for
tropical cyclone activity over the main development re-
gions and tropical cyclone counts for the North Atlantic
and westernNorth Pacific, respectively. The area average
used for the North Atlantic is the same as in Bell et al.
(2013): 108–208N, 2758–3408E. The region with the largest
change in tropical cyclone activity is used for the western
North Pacific: 58–208N, 1308–1708E.This analysis includes
the following: thermodynamic variables of SST and rel-
ative humidity at 700hPa, dynamic variables of relative
vorticity at 850 hPa, mean ascent at 500 hPa (2v500), and
vertical wind shear. The figures highlight biases in the
mean state of the models as well as limitations in
FIG. 7. The 850-hPa relative vorticity (13 1025 s21) for July–October for (a) ERA-Interim El Niño years minus 1979–2010 climatology,
(b) ERA-Interim La Niña years minus 1979–2010 climatology, (c) HiGEM El Niño years minus 1979–2002 climatology, (d) HiGAM La
Niña years minus 1979–2002 climatology, (e) HiGEMEl Niño years minus 150-yr climatology, and (f) HiGEMLaNiña years minus 150-yr
climatology. Stippling shows where changes have a p value ,0.0001 using a Student’s t test.
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capturing the magnitude of ENSO-associated large-scale
environmental changes. Figures 9a and 10a show Niño-
3.4 SSTs. It can be seen that HiGEM has a cool SST bias
in the tropical Paciﬁc, although it captures the expected
magnitude of ENSO SST anomalies.
In the North Atlantic, it can be seen that vertical wind
shear is an important parameter for tropical cyclone ac-
tivity inERA-Interim, which is also discussed inCamargo
et al. (2007b). Themean vertical wind shear is too strong
in HiGAM and more so in HiGEM, which explains the
reduced mean number of tropical cyclones compared
to observations. This was also found in other GCMs
(Shaman and Maloney 2012). The associated change of
vertical wind shear with ENSO in HiGEM is opposite to
that observed, with stronger vertical wind shear during
El Niño years and slightly more tropical cyclones. The
coupled model used in Iizuka and Matsuura (2009)
was able to simulate the vertical wind shear response,
although the simulated amplitude of the Niño-3.4 SST
anomalies are much larger than observed. Tropical cy-
clones are not suppressed as strongly during El Niño in
HiGAM compared to ERA-Interim, as the change in
large-scale deep ascent is not captured. Although verti-
cal wind shear shows a slight increase in La Niña years in
HiGAM, the number of tropical cyclones increases be-
cause of an increase in midlevel relative humidity and
mean ascent at 500hPa. The thermodynamic parameters
are of secondary importance to dynamic parameters in
explaining the tropical cyclone response in the North
Atlantic in HiGAM. HiGEM simulates both a poor
mean state and little variability of midlevel relative
humidity andmean ascent at 500 hPa and therefore does
not capture the expected ENSO–tropical cyclone tele-
connection.
In the western North Pacific, HiGAM and HiGEM
simulate too many tropical cyclones, which is discussed
FIG. 8. The 200-hPa velocity potential (1 3 1026m2 s21) in colors and the 200-hPa streamfunction (1 3 1026m2) in black contours for
July–October for (a) ERA-Interim El Niño years minus 1979–2010 climatology, (b) ERA-Interim La Niña years minus 1979–2010 cli-
matology, (c) HiGAMEl Niño years minus 1979–2002 climatology, (d) HiGAMLaNiña years minus 1979–2002 climatology, (e) HiGEM
El Niño years minus 150-yr climatology, and (f) HiGEM La Niña years minus 150-yr climatology. Stippling shows where changes have
a p value ,0.0001 using a Student’s t test.
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FIG. 9. Scatterplot of tropical cyclone counts vs large-scale environmental parameters for the North Atlantic,
averaged over the region 108–208N, 2758–3408E during July–October. Red symbols represent the climatology of El
Niño years, blue symbols represent the climatology of La Niña years, and black symbols represent the climatology of
all years for (a) Niño-3.4 SST anomaly, (b) vertical wind shear, (c) relative vorticity, (d) mean ascent at 500hPa, and
(e) relative humidity at 700hPa.Observations are shown by the cross, ERA-Interim is shownby diamonds,HiGAMis
shown by circles, and HiGEM is shown by triangles. The line styles distinguish betweenmodel and observations. The
error bars denote the 90% confidence interval.
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FIG. 10. Scatterplot of tropical cyclone counts vs large-scale environmental parameters for the western North
Pacific, averaged over the region 58–208N, 1308–1708E during July–October. Red symbols represent the climatology
of El Niño years, blue symbols represent the climatology of La Niña years, and black symbols represent the clima-
tology of all years for (a) Niño-3.4 SST anomaly, (b) vertical wind shear, (c) relative vorticity, (d) mean ascent at
500hPa, and (e) relative humidity at 700 hPa. The error bars denote the 90% confidence interval. Symbols and line
styles are as in Fig. 9.
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further in Bell et al. (2013), even though vertical wind
shear is stronger in HiGAM and HiGEM than in ERA-
Interim. In addition, vertical wind shear increases during
El Niño years along with an increase in tropical cyclones,
indicating that vertical wind shear is not an important
driver of tropical cyclone activity over the main de-
velopment region (Zhao and Held 2012; Strachan et al.
2013). The variability of tropical cyclones with ENSO in
this basin arises from the variability in vorticity
(Camargo et al. 2007b). HiGAM simulates a large var-
iability of relative vorticity, which causes large vari-
ability in the number of tropical cyclones. HiGEM is
also able to simulate the relationship of vorticity with
ENSO, although the tropical cyclone counts do not re-
spond during El Niño years. Research using track den-
sity, as ameasurement of spatial tropical cyclone activity,
in the region of interest shows an increase of tropical
cyclones in HiGEM along with the increase of relative
vorticity during El Niño years (not shown). The relative
humidity at 700hPa is slightly larger in the mean state of
both HiGAM and HiGEM, which increases the number
of tropical cyclones that form each year compared to
that observed. The relationship of relative humidity at
700 hPa with ENSO in HiGAM and HiGEM show dis-
tinct differences; however, the changes are small and are
associated with larger interannual variability. The sim-
ulated tropical cyclones in this region are sensitive to
a change in mean ascent at 500 hPa. Wang et al. (2013)
discussed how environmental factors impact tropical
cyclone frequency differently on the interbasin scale in
the western North Pacific.
5. Discussion
Simulating the correct spatial SST pattern of ENSO is
a necessary but not sufficient requirement for an accu-
rate representation of the global ENSO teleconnections
in an AOGCM. Dawson et al. (2013) found an increase
in the oceanic resolution produced more accurate
ENSO teleconnections compared to an increase in only
the atmospheric resolution because of an improvement
in the mean-state and ENSO variability. Errors in the
atmospheric teleconnections simulated in HiGEM stem
from mean-state SST biases and errors in the spatial
pattern of ENSO-associated SST. Zhu et al. (2012)
found that the simulated mean state of vertical wind
shear over the North Atlantic was shown to play a criti-
cal role in how the remote influence of ENSOmodulates
the vertical wind shear. HiGEM has a large mean-state
bias of vertical wind shear over the North Atlantic and
an underestimation of climatological frequency of
tropical cyclones compared to observations (Bell et al.
2013). In addition, HiGEM does not capture the
expected tropical cyclone variability associated with El
Niño and La Niña events in the North Atlantic. Errors in
the variability of ENSO–vertical wind shear tele-
connection over the North Atlantic in HiGEM are
caused by errors in the spatial pattern of ENSO-
associated SST. As the maximum SST warming occurs
too far west compared to observations, the eastward
atmospheric branch of the Walker circulation does not
reach into the North Atlantic. As a result, the coupled
model does not capture the dipole of vertical wind shear
over the northeast Pacific and North Atlantic. However,
the westward extension of ENSO-associated SSTs sim-
ulates a realistic ENSO–tropical cyclone teleconnection
in the Indian Ocean. The mean state of vertical wind
shear over the tropical North Atlantic is reduced in the
uncoupled model, HiGAM. There are still errors in the
vertical wind shear variability, with slightly more verti-
cal wind shear in La Niña years than the climatology.
When the vertical shear is low enough so that it does not
dominate the reduction in tropical cyclone signal, the
other governing environmental parameters may have
a role in inﬂuencing tropical cyclone variability, such as
the mean ascent at 500hPa and relative vorticity, which
are better captured in HiGAM than in HiGEM.
While the HiGAM simulation shows a marked im-
provement of the ENSO–tropical cyclone teleconnection
in the western North Pacific, there are still some limita-
tions because of inaccurate representation of atmospheric
teleconnection processes. As discussed in Shaffrey et al.
(2009), HiGEM has a large mean-state precipitation
bias over the western North Pacific. The mean-state
precipitation bias in HiGEM remains in HiGAM over
the western North Pacific. The precipitation is in re-
sponse to stronger ascent, which likely results in too
many tropical cyclones forming (Bell et al. 2013). The
variability in terms of tropical cyclone location and the
number of tropical cyclones per season is simulated
more accurately in HiGAM then in HiGEM. This is
attributed here to the greater variability of mean ascent
at 500 hPa (2v500). The atmosphere in HiGAM has
a larger source of heat than HiGEM without the pres-
ence of air–sea coupled feedbacks. During El Niño years
the warmer SST leads to more intense tropical convec-
tion. Although this is not entirely clear in the variability
of relative humidity shown in Fig. 10, this parameter
is associated with large errors bars and is sensitive
to the area average used. A basinwide area average
shows a similar midlevel relative humidity pattern in
HiGAM to that observed (not shown). It may be
suggested that the greater variability of tropical cy-
clone activity in the western North Pacific in HiGAM
is influenced by the differences in simulation lengths of
HiGEM and HiGAM. However, a 23-yr period with
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a similar number of ENSO events as that in HiGAM in
HiGEM shows the results remain largely unchanged
(not shown).
6. Conclusions
It is important to evaluate the ability of GCMs to
simulate realistic ENSO-associated tropical cyclone
teleconnections for seasonal forecasting and before
predictions are made for tropical cyclones and climate
change using GCMs (Mori et al. 2013). The simulated
global ENSO–tropical cyclone teleconnection has been
investigated with the use of a 150-yr present-day high-
resolution AOGCM experiment. The 150-yr present-
day HiGEM simulation gives robust statistics of the
ENSO–tropical cyclone teleconnection. The relation-
ship was also investigated further using an AGCM
forced with observed SSTs.
The coupled model, HiGEM, is able to capture the
observed shift in tropical cyclone location with ENSO in
the western North Pacific and north Indian Ocean.
However, HiGEM is not able to capture the expected
tropical cyclone response in the NorthAtlantic. In terms
of large-scale environmental changes with ENSO, the
biases in mean ascent at 500 hPa and lack of low-level
vorticity variability in the western North Pacific are
found to be the limiting factors in capturing the ex-
pected magnitude of the ENSO–tropical cyclone tele-
connection. The large-scale environment in the North
Atlantic is not influenced by ENSO variability in
HiGEM. In particular, the vertical wind shear response
over the Caribbean is not captured, explaining why
the tropical cyclone response is erroneous in that
region. The atmosphere-only model, HiGAM, reveals
limitations in the coupled model that are due to in-
accurate SSTs, as well as shortcomings that remain
because of inaccurate representation of atmospheric
teleconnection processes. HiGAM simulates the dipole
of vertical wind shear in the northeast Pacific and
Caribbean Sea, which is not found in HiGEM and
therefore the expected tropical cyclone teleconnection.
Although the large-scale mean ascent at 500-hPa bias
remains in HiGAM over the western North Pacific,
the tropical cyclone variability is much better simulated
because of a more accurate representation of low-level
vorticity with ENSO.
The tropical cyclone changes with climate change
found in Bell et al. (2013) are somewhat similar to the El
Niño response found in this study. How ENSO will
change in the future (Collins et al. 2010) will have a large
influence on future tropical cyclone activity. In the near
future, ENSO and othermodes of natural variability will
dominate variability of tropical cyclone activity. It is
therefore important that a similar emphasis is placed on
understanding the global ENSO–tropical cyclone tele-
connection as with tropical cyclones and climate change
using GCMs (Mori et al. 2013). Research is currently
being undertaken to reduce the coupled biases and im-
prove ENSO-associated teleconnections in the Hadley
Centre Climate Model with the use of coupled higher-
resolution oceanic (1/48) and atmospheric (25 km)
models. An investigation into the change of tropical
cyclone intensity in each basin with ENSO would be of
use to understand dynamical seasonal forecasts, how-
ever we believe this should be left to a higher-resolution
atmosphere-only GCM such as in Zhou et al. (2013).
The analysis in this paper should be applied to many
GCMs to increase the sample size of tropical cyclones
and to investigate how well other models simulate
the ENSO–tropical cyclone teleconnection (Wang
et al. 2014). Further research into the role of ocean
coupling on the simulation of the ENSO–tropical cy-
clone connection using an AGCM prescribed with the
simulated SST from an AOGCM would provide fur-
ther understanding.
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